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The characteristic boiling curve for Normal Pentane was 
determined at l'atmosphere pressure with particular attention 
devoted to the transition boiling region. The heat transfer 
surface was a horizontal, gold-plated, copper disc. 
Stability analysis was employed to demonstrate why pre-
vious in11estigators have 'had only limted success in collect-
ing data in the transition region and to provide a valid 
basis for equipment designed to operate in this region. 
A method of predicting the transition region boili.ng 
curve from the nucleate curve and the Liedenfrost point is 
presented. The method was found to predict the transition 
boiling of Normal Pentane, Freon 12, Freon 113 and Freon 114. 
ACKNOWLEDGEMENTS 
The author wishes to express his appreciation to his 
advisor, Dr. E. L. Park, for h.is guidance, assistance and 
encouragement. 
iii 
The author acknowledges and thanks Dr. J. J. Carr for 
his help and encouragement; Dr. M. R. StrUJlk for his support; 
and Mr. Myrlen Troutt, for his constant technical assistance. 
The financial assistance of the Shell Oil Company, E. I. 
DuPont de Nemours & Company, Atlantic Richfield Company and 
the Department of Chemical Engineering is gratefully 
acknowledged. 
Finally, the support, patience and encouragement of my 




TABL.E OF CONTENTS 
LIST OF ILLUSTRATIONS •.•. 
LIST OF TABLES ••••• 
I. INTRODUCTION .. 
II. LITERATURE REVIEW • 
III. EXPERIMENTAL EQUIPMENT. 
A. Heat Transfer Element 
B. Boiling Vessel .... 
C. Pressure Control System. 
D. Power Supply .. 
E. Steam Chamber 
F. Guard Chamber and Vacuum System. 
G. Guard Temperature Control System. 
H. Temperature Measurement . 



















A. Startup. . . . . 22 
B. Nucleate and Film Boiling Data Collection 23 
c. Transition Region Data Collection . 
V. RESULTS AND DISCUSSION .... 
A. Stability Considerations .. 
B. Development of a Prediction Method for the 






TABLE OF CONTENTS (Con't.) 
Page 
VI. CONCLUSIONS. . . . 44 
NOMENCLATURE • 45 
BIBLIOGRAPHY. . . . 46 
VITA ••• . . . 48 
APPENDIX A - CALCULATED BOILING DATA . . . 49 
APPENDIX B - DISCUSSION OF HEAT LOSSES FROM THE 
STEAM CHAMBER . . . . 52 
LIST OF ILLUSTRATIONS 
Figure 
l. Detail of 0-ring Groove Area. 
2. Experimental Apparatus .. 
3. Guard Temperature Control System. 
4. Heat Transfer Coefficient for n-Pentane as a 
Function of Temperature Difference ... 
5. Comparison OZ' ~redicted Transition Curve with 
Experimental Data for n-Pentane ...... . 
" 
6. Comparison of Predicted Transition Curve with 
Experimental Data for Freon 113 at P = 0.029 
r 









Experimental Data for Freon 12 at P = 0.170. . 34 
r 
8. Comparison of Predicted Transition Curve with 
Experimental Data for Freon 12 at P = 0.340. . 35 
r 
9. Comparison of Predicted Transition Curve with 
Experimental Data for Freon 114 at P = 0.092 
r 
10. Comparison of Predicted Transition Curve with 
Experimental Data for Freon 114 at P = 0.183 
r 
11. Comparison of Predicted Transition Curve with 
Experimental Data for Freon 114 at P = 0.275 
r 
12. Comparison of Predicted Transition Curve with 
Experimental Data for Freon 114 at Pr= 0.367 
13. Comparison of Predicted Transition Curve with 
Experimental Data for Freon 114 at Pr= 0.458 






Experimental Data for Freon 114 at Pr= 0.611 ••• 41 
LIST OF ·'t'.ABLES 
Table 
I. Comparison of Prediction Method with 
Experimental Data .•... 
A-I. 
A-II. 
Calculated Nucleate Boiling Data .. 







This study deals primarily with transition region pool 
boiling from a horizontal surface. By the description of 
Nukiyama (1), in 1934, the typical boiling curve was com-
posed of three distinct regions. As an immersed surface is 
heated the first region of boiling encountered is nucleate 
boiling. This region is characterized by bubble growth and 
detachment at particular sites on the surface. 
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As the surface temperature increas~s more sites become 
active and bubble life span on the surface decreases so that 
more heat is transferred. Finally a temperature is reached 
at which liquid cannot arrive at the surface at a rate equal 
to the rate of vapor removal. This temperature is commonly 
called the burnout temperature. The heat flux at this tem-
perature is the critical heat flux and is the maximum heat 
flux attainable under conditions of nucleate boiling. 
As the surface temperature continues to increase the 
vapor bubbles coalesce to form a vapor blanket over the sur-
face. However, the vapor temperature is not sufficient to 
maintain the blanket and it quickly breaks down and nucle-
ation resumes. This type of boiling is characteristic of 
the transition region. The cycle of alternate nucleate and 
film boiling exists until the surface temperature becomes 
sufficiently high to support a stable vapor film. The 
temperature at which vapor film stability is attained is 
called the Liedenfrost Point and is the minimum temperature 
at which stable film boiling can exist. Further increases 
in .surface temperature produce no mechanism change except 
that radiation becomes more important to the heat transfer. 
The purpose of this investigation was to determine 
'the transition region pool boiling curve for normal pentane. 
To the author's knowledge there is no flat plate pool 
boiling data in this region at this time. 
2 
II. LITERATURE REVIEW 
Nukiyama (1), in 1934, was the first to describe the 
four distinct regions of boiling heat transfer as: 1) con-
vection, 2) nucleate boiling, 3) transition boiling, and 
3 
4) film boiling. In the years since that discovery an 
enormous amount of work has been done in the nucleate and 
film boiling areas in an effort to determln~ the mechanisms 
·anp controlling variables. No review of these works will be 
presented here. The reader is referred to Jakob (2), 
McAdams (3), Rohsenow (4, 5) and Leppert and Pitts (6) for a 
general review of boiling heat transfer. 
Due to the physical difficulties of equipment operation 
in the transition region there has ~en little interest in 
this area until recent years. Though labeled as a boiling 
regime by Nukiyama (1), no attempt was made to define the 
mechanism of heat transfer for the transition region. 
Drew and Mueller (7) postulated, in 1937, the existence 
of a distinct mechanism, different from both nucleate and 
film, for the transition region. However, no mechanism was 
proposed. They reported some transition data but the data 
were qualitative in nature. Berenson (8), boiling normal 
pentane from flat surfaces, concluded that transition boil-
ing is a combination of nucleate and film boiling existing 
alternately in all parts of the surface, with the heat flux 
variation with temperature caused by the variation of the 
fraction of time in which each type boiling occurs. Thus, 
4 
there is liquid-solid contact in the transition region and 
the boiling curve should show surface condition effects. 
Westwater and Santangelo (9) were able to obtain data 
in the lower 40 percent of the curve for methanol boiling 
from a cylindrical heater. They concluded that transition 
boiling is entirely different from both nucleate and film 
boiling. They postulated that no liquid-solid contact 
exists in this region and that the vapor blanket is unstable 
and in violent motion. 
Work by Kovalev and co-workers (10) and Veres and 
Florschuetz (11) was successful only in obtaining transient 
data due to thermal instability of the test apparatus. The 
same was true of Berenson (8} except his more efficient 
apparatus enabled him to obtain steady state data in the 
extreme lower portions of the curve near the Liedenfrost 
Point. Kovalev (12) experienced the same difficulty but was 
able to propose certain stability criteria for operation in 
the transition region. He concluded that the condition, 
1 (dQ) (1) R.r > - cff min 
must be satisfied for stable operation in this region. Here 
R.r is the total thermal resistance between the heating medi-
um and the boiling surface and the derivative is the minimum 
slope of the boiling curve in the transition region. 
A recent study by Hesse (13} was successful in obtain-
ing transition data from cylindrical heat~rs. The heating 
medium was water flowing on the inside of the tube while 
bo.i:ling occurred on the outside. He obtained the complete 
boiling curve fQr refrigerants (Freon) Rl2, Rll3 and Rll4 
at several pressures from a nickel tube with outside 
diameter of approximately 0.55 inch. 
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The effect of agitation on the transition region boiling 
curve has been re.ported by Pramuk and Westwater (14) . 
Bankoff and Mehra (15) have used Berenson's explanation to 
analyze transition data. They proposed that the major heat 
transfer results when a quenching action occurs as the liquid 
rushes to the surface after the vapor blanket collapses. 
Comparison of the theory with experimental data was not 
possible due to the unknown dur4tion of liquid-solid contact. 
No attempt has yet been made to correlate data for the 
transition region. This type correlation is particularly 
difficult since both end points of the curve are fixed by 
the mechanisms of nucleate and film boiling regions. Zuber 
and Tribus (16, 17) proposed a flooding mechanism based on 
hydrodynamic considerations for the change from nucleate to 
transition boiling. They were able to develop equations for 
prediction of the critical and Liedenfrost heat transfer 
rates by this method. Leinhard and Schrock (18), in an 
extension of Zuber's work, developed equations based on 
reduced properties and the use of reduced maximum and mini-
mum heat fluxes. Sciance and Colver (19) determined the 
location of the minimum heat flux for several light hydro-
carbons for comparison with the equation of Zuber. 
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Frederking (20), using a thermodynamic approach and the 
corresponding states principle presented the function 
t.Tr 2 O.lO(l-Tr) 3/ 4 + 2.0(l-Tr) 5 max 
where t.Tr max is the reduced temperature difference which 
corresponds to the critical heat flux and T is the re-
r 
·ciuced saturation temperature. During this study it was 
(2) 
found that equation 2 will predict the Liedenfrost tempera-
ture difference for hydrocarbons if a multiplier of 2.4 is 
introduced -
Cobb and Park (21) • in an extension of Frederking's 
work, developed a generalized maximum heat flux correlation 
for corresponding state liquids to define the pressure 
effect as a function of reduced saturation temperature. 
They used a reference value of the critical heat flux 
(reduced pressure= 0.1) to eliminate surface geometry as a 
variable. 
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III. EXPERIMENTAL EQUIPMENT 
The experimental equipment used in this investigation 
can be described in terms of eight systems: A) Heat Transfer 
Element, B) Boiling Vessel, C) Pressure Control System, 
D) Power Supply, E) steam Chamber, F) Guard Chamber and 
Vacuum System, G) Guard Temperature Control System, and 
H) Temperature Measurement. 
A. Heat Transfer Element 
The heat transfer ~'l:tmient was a copper disc 0.125 inch 
thick and approximately 1.50 inch in diameter. The surface 
on which boiling occun:.od (top surface) was gold plated to 
maintain a relatively constant surface chemistry. Boiling 
occurred on a portion of the surface one inch in diameter. 
The bottom surface was bare copper treated with a promoter 
so that dropwise condensation of steam was obtained. Drop-
wise condensation was necessary because the relative insta-
bility of the transition regime requires low thermal re-
sistance between the heating fluid (steam) and the boiling 
surface. 
A single thermocouple well (diameter 0.056 inch) was 
drilled radially into the geometric center of the disc. The 
well was filled with solder having a plastic point of 377 F 
by heating the disc from the bare copper side with a butane 
torch. When the solder became molten, a 30 gauge, Teflon 
covered, copper-constantan thermocouple was inserted in the 
hole. 
B. Boiling Vessel 
The boiling vessel consisted of 6 inch extra heavy 
wall Pyrex Conical Pipe, 12 inches in length. The top 
plate was 1/2 inch thick aluminum, joined to the pipe with 
. 
Teflon gasketed flanges. The bottom plate was 3/8 inch 
brass, with 1/4 inch teflon sheet cemented to the area ex-
posed to the normal pentane. A 1.00 inch hole was machined 
through the center of the brass plate and a shelf 1.55 inch 
in diameter was milled 0.145 inch into the center of the 
brass plate. An 0-ring groove was ., milled into this shelf 
as shown in Figure 1. The groove was milled to accommodate 
a Parker Viton 0-Ring 2-123. 
A well was drilled 0.25 inch upward into the bottom 
of the brass plate at a point approximately 1 5/8 inch 
from the center of the plate. The well was tapped with 1/8 
inch National Pipe Threads. A 3/32 inch hole was drilled 
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into the side of the milled shelf at such an angle as to exit 
into the side of the 1/8 inch Npt well. A second 3/32 inch 
hole was drilled radially from the center of the outer edge 
of the plate to the opposite side of the 1/8 inch Npt well. 
A l/_16 inch stainle.ss steel thin-walled tube was inserted 
from the oute~ plate edge into the 3/32 inch hole and fed 
across the 1/8 inch well until it was flush with the shelf 
wall above the 0-ring groove. The thermocouple wires from 
the heat transfer element were fed through this tube and 
the surface laid in place on the 0-ring. 
2 Inch Brass Pipe 
Exit for 
Thermocouple Wires 
l Inch Brass Pipe 
Brass Plate 
Figure l. Detail of o-ring Groove Area 
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A 5/8 inch length of 2 inch (nominal) Red Brass pipe 
was silver soldered to the center of the brass plate ex-
tending upward into the boiling chamber. Straight threads, 
11 per inch, were machined on the inside of the 2 inch pipe. 
A Teflon ring, 3/16 inch thick, was machined and threaded 
to fit the inside of the 2 inch pipe. A hole 1.00 inch 
in diameter was drilled through the center oft.he ring and 
the bottom was faced to leave a ridge approximately 0.05 
inch deep at the edge of the 1 inch hole. The ridge served 
to reduce the contact area in order to insure a positive 
seal. 
A ring was machined from Delrin acetal for use as a 
retaining ring to hold down the Teflon ring. Straight 
threads were cut 5/8 inch along its length to match the 
threads on the inside of the 2 inch pipe. A 1/2 inch 
section at the top of the Delrin was machined to a diameter 
of 2.38 inch and threaded with straight threads, 16 per 
inch. A 33/32 inch hole was drilled through the center of 
the Oelrin. A second Delrin ring, one inch long and 3/8 
inch thick was made and threaded on the inside, 16 threads 
per inch, to match the first Delrin piece. Two wells, 1/8 
inch deep and 1/8 inch in diameter, were drilled on a 
diameter in each ring to allow use of a spanner wrench for 
tj,.ghtening. 
The Teflon ring was screwed down tight on the heating 
surface and Teflon rope (3/16 inch diameter) was laid on the 
top edge of the 2 inch pipe. The Delrin ring was screwed in 
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place sealing the Teflon tight against the surface and the 
Teflon rope against the brass pipe. Teflon rope (1/4 inch 
diameter) was laid around the outside of the brass pipe at 
its base and the second Delrin ring was screwed on, deforming 
the rope and forming a second seal. Thus liquid was prevent-
ed from touching any metal except the heat transfer disc. 
Two Conax glands with 3/4 inch pipe fitting ends were 
placed in the aluminum end plate. Two pairs of 30 gauge 
copper-constantan thermocouple wires, Teflon insulated, 
passed through one of the glands. These ther:nocouples 
measured the pool temperature. Two 12 gauge Teflon in-
sulated power leads passed through the second gland and 
were attached to two parallel connected 165 watt (at 120 
volts) cartridge heaters. These heaters were used to keep 
the pool at saturation so that the lower portions of th~ 
boiling curve could be obtained. 
A 1/8 inch brass Swagelok male connector, drilled 
through, was placed in the aluminum plate to allow insertion 
of a 1/8 inch Teflon tube for vacuum removal of the liquid. 
Five 1/4 inch brass Swagelok male connectors were 
placed in the plate. One was fitted with a pressure relief 
valve set to open at 10 psi. A second was attached with 1/4 
inch copper tubing to the high-pressure leg of a Taylor 
pneumatic differential pressure transmitter (d/p cell). Two 
of the connectors were drilled through to provide inlet and 
outlet for the condenser. The condenser was of double helix 
design and was fabricated from 15 feet of 1/4 inch soft 
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copper tubing. The fifth connector was provided for a fill 
line and was equipped with a 1/4 inch Whitey valve. 
c. Pressure Control System 
The pressure was sensed- at the top of the vapor space 
above the liquid pool. The high-pressure leg of the Taylor 
d/p cell was connected at this point and the low .... pressure 
leg was open to the atmosphere. The pneumatic signal from 
the d/p cell was transmitted to a Honeywell model 702P6-N-
92-Iri-6s proportional-integral pneumatic recorder-
controller. The d/p cell was calibrated so that a 1.0 psi 
pressure difference caused full scale deflection on the 
recorder-controller. 
The pneumatic signal from the recorder-controller oper-
ated an air-to-close pneumatic control valve in the water 
inlet line to the condenser. The control valve was a 
Research Control, Inc. type 785 equipped with trim F. To 
prevent the controller from cycling a Hoke, Inc. model 
2RB281 manual valve was placed upstream of the control valve. 
The pressure in the boiling vessel was thus controlled by 
the condenser water flow rate. 
D. Power Supply 
Voltage regulated direct current electrical power was 
supplied to the chamber heater by two Sorenson DCR60-40A 
power supplies wired in series. The power supplies, as 
wired, were capable of an output voltage of 127 volts and 
an output current in excess of 40 amperes. The voltage was 
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measured with a United Systems Corporation, Model 268 
Digital D.C. Millivoltmeter which could be read to+ 0.01 
volt. Accuracy was better that+ 0.02% of the 200 volt full 
scale. The ammeter was a Weston Model 622 o.c. Millia.mmeter 
which could be read to::!:. .002 amperes on the 1.500 ampere 
scale and::!:. .004 ampere on the 3.000 ampere scale. Accu-
racy on both scales was 0.51 of full scale. Power leads 
were 14 gauge copper wire. The voltage drop across the heat-
er was measured at a point on the power leads approximately 
one foot from the heater. 
E. Steam Chamber 
The steam chamber is shown in Figure 2. It consisted 
of a 3 inch (nominal) Red Brass Pipe 10 1/4 inches long. 
The end plates were 3/8 inch thick yellow brass, silver 
soldered to the pipe. One end plate was center drilled 1.05 
inch in diameter and a one inch length of 1 inch (nominal) 
Red Brass pipe was silver soldered to the center of the 
plate. The other end of the one inch pipe was centered 
and silver soldered to the bottom of the 3/8 inch brass 
plate which formed the bottom of the boiling chamber. The 
other (bottom) small brass end plate was center drilled and 
tapped for 3/4 inch Npt and tapped for 1/4 inch Npt. Two 
pairs of 30 gauge , Teflon covered, copper-constantan thermo-
couple wires were placed in the steam chamber by way of a 
Conax gland in the 1/4 inch hole. One thermocouple was used 


















' Condensate Withdrawal 
Figure 2. Experimental Apparatus 
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positive junction of the differential thermocouple used for 
guard chamber temperature control. Both thermocouples were 
placed in the liquid phase. 
A drilled through 3/8 inch Swagelok male brass connector 
was placed in the 3/4 inch hole. Through this connector was 
placed a 3/8 inch stainless steel tube. A 3/8 inch nylon 
Swagelok union (drilled through) was attached with nylon 
ferrules to the tube. The heater leads were fed through 
the union and tube and the heater (Ogden Electric Co., 240 
watts at 120 volts) was sealed at the union with nylon 
ferrules. Heaters were obtained with a 1/2 inch cold 
section on the lead end and were Incoloy sheathed to mini-
mize temperature at the -nylon ferrule. The nylon union ser-
ved to prevent conductive heat transfer from the heater 
through the steel tube and out of the system. 
' 
A hole was drilled radially through the chamber wall 
one inch below the top plate and tapped with 1/8 inch Npt to 
provide a vacuum line attachment. The chamber was filled 
with distilled water to the level of this hole during 
operation. 
The entire outer surface of the chamber was covered 
with a 1/8 inch thick coating of RTV-106 General Electric 
Silicon Rubber as a thermal insulator. 
F. Guard Chamber and Vacuum System 
The guard chamber, as show in Figure 2, consisted of 
an 18 inch length of 6 inch (nominal) black steel pipe, with 
16 
125 LB screwed flanges attached to both ends. One end was 
bolted to the brass plate which formed the bottom of the 
boiling chamber, using the same bolts which held the Pyrex 
pipe to the plate. The other end was bolted to another 3/8 
inch thick brass end plate forming the bottom of the appa-
ratus. The steam chamber was thus surrounded by an annular 
volume inside the steel pipe. The bottom of the top brass 
plate was covered with 3/4 inch of RTV-60 General Electric 
Silicon Rubber to reduce heat transfer through the plate. 
Both plates were sealed with teflon gaskets. 
A 1/4 inch Swagelok male connector was placed in the 
side of the pipe inunediately below the top flange. A vacuum 
line was attached at this point to remove any nonconden-
sables arriving with the steam. A second 1/4 inch Swagelok 
male connector was placed on the opposite side in the middle 
of the pipe. The steam supply line was attached at this 
point. 
The bottom plate was center drilled and tapped to 
accept a 3/8 inch male Swagelok connector, drilled through. 
The power lead tube from the steam chamber exited through 
this connector. Two 1/4 inch Swagelok male connectors were 
also placed in the bottom plate. One was drilled through 
to allow the vacuum line from the steam chamber to exit the 
system. Condensate removal through a 1/4 inch copper tube 
was accomplished through the second connector. 
The steel pipe was tapped with 3/4 inch Npt at a point 
just above the bottom flange and a Conax gland was installed. 
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Three pairs of 30 gauge, teflon covered, copper-constantan 
wires entered through this gland. Two pairs measured the 
guard chamber temperature and one pair continued into the 
steam chamber. Two additional copper wires we.re placed 
through the Conax. One continued to the steam chamber as 
the positive lead of the differential thermocouple and the 
other formed a junction in the guard chamber with a con-
stantan wire from the steam chamber and was the negative 
lead. 
The condensate and air removal lines were 1/4 inch 
copper with Whitey valves attached for balance control. The 
two lines were tied into a single line leading to the 
knock-out drum. This drum was a 55 gallon metal drum 
with compression seal top. The line from the guard chamber 
entered the drum through a drilled through 1/4 inch Swagelok 
male connector and emptied against al inch diameter copper 
tube. Two drilled through connectors supplied inlet and 
exit to a condensing coil wrapped tightly around the tube 
and extending below it. The coil consisted of 35 feet of 
1/4 inch soft copper tube. A 3/8 inch pipe nipple was also 
placed in the top of the drum. A Duo Seal Vacuum Pump pro-
vided vacuum and was attached to the nipple with high vacuum 
rubber hose. This arrangement prevented liquid from reach-
ing the vacuum pump. 
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G. Guard Temperature Control System 
The guard temperature control system is shown sche-
matically in Figure 3. The emf from the differential 
thermocouple was inputed both to a Leeds and Northrup Model 
9834 D.C. Null Detector which was used as a preaJ11plifier and 
to a Honeywell Type 19 6 inch strip chart potentianneter 
recorder. The null detector sensitivity was set so as to 
give a gain of 1000. The null detector output of -0.5 V 
to 5.0 V was fed to a Keithley Instruments, Inc. Model 
603 Electrometer Amplifier which was set to give a gain . of 
10. The output of the electrometer was, therefore, -5.0 V 
to 5.0 V. The positive output lead was attached directly 
to a Honeywell Model 31200-1 Current to Pressure Transducer. 
The negative lead from the amplifier was connected to the 
output positive of a Lambda Electronics Corporation Model 
LK352-FM Regulated D.C. Power Supply. The power supply 
output negative was connected to the transducer. This 
arrangement was used to impose a bias voltage of 24.7 volts 
on the transducer. Therefore, the voltage at the transducer 
varied between 19.7 V and 29.7 V corresponding to full scale 
on the null detector. The pneumatic signal from the trans-
ducer was fed to the high pressure leg of a Honeywell Model 
292N8-G6 differential pressure transmitter (d/p cell). The 
low pressure leg was left open to the atmosphere. The 
pneumatic output of the d/p cell was transmitted to a 
Honeywell Model 702P6-N-92-0-65 proportional-integral-
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Figure 3. Guard Temperature Control System .... \D 
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calibrated to give a zero reading on the recorder when mini-
mun voltage (19.7 V) was applied to the transducer and to 
produce full scale deflection on the recorder when full 
voltage (29.7 V) was applied to the transducer. Thus an 
emf of +0.500 mV as determined by the differential thermo-
couple produced a Oto full scale deflection on the 
recorder-controller. 
The pneumatic signal from the p-i-d controller was used 
to operate an air-to-close control valve in the steam inlet 
line to the guard chamber. The control valve was a Research 
Controls, Inc. type 78S equipped with trim L. To prevent 
the controller from cycling a Whitey model 1RS4 manual valve 
was placed in a bypass line around the control valve. 
A vacuum was pulled on thf} guard chamber to make 
possible operation throughout the boiling ran~e and to re-
move condensate from the guard. Thus the temperature in the 
guard was controlled by the flow rate of steam. 
H. Temperature Measurement 
The six 30 gauge copper-constantan thermocouples were 
connected to an Omega Engineering, Inc. Thermocouple Switch. 
Leads from the surface and steam chamber thermocouples were 
also attached to a two pen Honeywell Model 194 10 inch 
potentiometic strip chart recorder featuring 1000% zero 
suppression. This instrument was necessary to establish 
steady state conditions of the system. Due to large fluctu-
ations of the surface temperature when boiling in the 
21 
transition region, the surface temperature was obtained as 
an average value from the strip chart recorder. The output 
f;:-om the thermocouple switch was connected to a West 
Instrutment Corporation Model AC-II Thermocouple Compensator 
box in order to reference the readings to 32 F. 
The temperatures were read as millivolts with a United 
Systems Corporation, Model 268 Digital o.c. Millivoltmeter. 
Accuracy of the millivoltmeter was better than +0.02\ of the 
20 millivolt full scale, which gives a measurement of the 
temperature accurate to +0.15 F,,, 
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IV. EXPERIMENTAL PROCEDURE 
The experimental procedure followed in this inves-
tigation is discussed in the following sections: A) Startup, 
B) Nucleate and Film Boiling Data Collection, C) Transition 
Region Data Collection. 
A. Startup 
The bypass on the steam line was fully opened to give 
a hot guard condition and power to the steam chamber heater 
was set at 100 volts. The normal pentane pool depth was 
four inches and was not removed from the system between 
runs. Due to the explosive nature of normal pentane no 
power was applied to the auxiliary cartridge heaters in the 
pool until the boiling vessel was purged of air. This air 
purge was accomplished by allowing heat transfer from the 
steam chamber to bring the n-Pentane pool to saturation and 
venting vapor. After purging, 80 volts were supplied to 
the auxiliary heaters. 
The normal pentane used in this study was supplied by 
Phillips Petroleum Company and designated technical grade. 
Analysis on a Varian Series 1520 chromatograph indicated a 
purity in excess of 99 mole per cent. 
When the pool reached saturation, the guard was returned 
to its normal temperature and the power to the primary heater 
was set at the desired level. The guard-steam chamber dif-
ferential was maintained at 0.6 F, +0.2 F for all data. It 
was necessary to keep the guard cooler than the steam chamber 
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to prevent the guard from gradually pushing up the temperature 
in the steam chamber. 
All data were collected with the pool at saturation 
temperature at a pressure of 760 millimeters of mercury. 
B. Nucleate and Film Boiling Data Collection 
The tempe.rature of the heat transfer surface and the 
steam chamber were monitored with the strip chart recorder 
until there was no change of either with time. The satu-
ration temperature of the n-pentane pool, the temperature 
of the chamber and the guard temperatures were then re-
corded along with the voltage and amperage supplied to the 
steam chamber heater. The voltage to the steam chamber 
heater was changed to a new level and the system allowed to 
come to equilibrium. The time required for a new equilib-
rium to be reached was generally greater than one hour. 
The upper limit for temperature of the steam chamber 
was 288 F which corresponds to a chamber pressure of 41.1 
psi. This limit was imposed by the steam pressure available 
in the laboratory for the guard chamber. 
Heat losses were estimated to be a maximum of 4.4% at the 
Liedenfrost point. 
For all tests the boiling chamber pressure cycling was 
no more than +0.01 psi (+0.51 mm Hg). 
C. Transition Region Data Colletion 
For transition data near the critical heat flux the 
system was first brought to the critical heat flux point. 
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Then more power was applied to the steam chamber heater 
until the boiling surface temperature began to increase. At 
that time the power input was quickly reduced to a level 
below that producing critical heat flux and to a level con-
sistent with the estimated equilibrium value corresponding 
to the immediate surface temperature. The system was then 
allowed to come ·to equilibrium as indicated by the chamber 
and surface temperature traces on the strip chart recorder. 
Resolution of the chamber temperature was 0.005 mV per 
division on the recorder. This resolution was necessary 
to properly determine steady state. 
Transition data at points well removed from the critical 
heat flux were taken by approaching the data point from the 
Liedenfrost point. Entrance into the film boiling region 
was obtained by applying power in excess of the critical 
heat flux and allowing the surface temperature to rise until 
film boiling was achieved. Power was then reduced below the 
level corresponding to the Liedenfrost point and the surface 
temperature was allowed to drop. When the surface temper-
ature reached a point where data were desired, additional 
power was applied until the surface temperature became con-
stant as indicated by the strip chart recorder. The time 
between data points was generally one to two hours. 
Due to the inherent instability of boiling in the 
transition regime, less demanding criteria for steady state 
were applied in parts of the regime. In particular those 
data lying between 46 and 70 F temperature difference were 
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required only to maintain a steady state for one minute be-
fore data points were taken. It is believed that this area 
is so unstable th4t the effect of a slight increase in 
liquid loading on the condensing side of the heat transfer 
surface or a large drop of water falling from the surface 
would be to dramatically change the surface temperature. 
Since the steam temperature changed very little from 
point to point in this region data points were frequently 
recorded as quickly as fifteen minutes apart. 
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V. RESULTS AND DISCUSSION 
The results and discussion of this investigation of the 
transition boiling region are presented in two sections: 
A) Stability Considerations and B) Development of a 
Prediction Method for the Transition Boiling Region. 
A. Stability Considerations 
Previous investigators (8, 9, 10, 11, 12) were unsuc-
cessful in obtaining transition region boiling data due to 
equipment instabilities. Kovalev (12) was the first to re-
cognize the stability criteria for stable Operation in this 
region. 
By considering a surface boiling in the transition 
region and examining the result of a small temperature change 
in the surface, the stability criteria can be determined. 
Assuming that the temperature change is positive, boiling can 
be stable and the surface temperature can return to its 
steady value if the heat leaving the surface (due to boiling) 
is greater than the heat arriving at the surface (from what-
ever source). At steady state the two heat fluxes are equal, 
therefore the condition 
dQ t - dQ . > 0 ( 3) OU J.n -
must be satisfied to maintain stability. For a small nega-
tive change in surface temperature the heat arriving must 
exceed the heat leaving. It is apparent that . return to 
stability is possible as long as the difference dQ t - dQ . 
· · OU J.n 
and dTsur have the same sign, that is, provided 
dQout dQin 
dT ?_ dT 
sur sur 
The heat flux into the surface can be represented as 
1 




If in the limit of small temperature changes of the sur-
face, the temperature at the heat source is not affected, and 
the thermal resistance between source and surface is rela-
tively unchanged, equation 5 may be differentiated to give 






Insertion of this result into equation 4 provides the 
stability criterion for boiling, 
or more clearly, 
dQout -l 








The derivative in equation 8 is merely the slope of the 
boiling curve and (~)-l may be thought of as the effective 
heat transfer coefficient between heat source and boiling 
surface. This relation is valid in all portions of the boil-
ing curve. Since the slope of the boiling curve is positive 
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in the nucleate and film regions, these regions are always 
stable operating areas. However, low thermal resistance 
is an absolute necessity for stable operation in the transi-
tion region. 
Using only two inches of copper between heat source and 
surface reduces the effective coefficient t~ less than 1400 
Btu/hr ft 2 F and makes it impossible to operate stably in 
the transition region with most fluids. Previous workers 
had at least that equivalent resistance in their equipment 
and often much more, especially where condensing steam was 
used. It is for this reason they were unable to obtain data 
in the pure transition region. 
This investigation was carried out with equipment which-
satisfied the previously mentioned stability criterion. It 
contained only 0.125 inch of copper {gold plated) and 
utilized dropwise condensation of steam. 
B. Development of a Prediction Method for the Transition 
Boiling Region 
Because there are no previously existing correlations 
for prediction of the transition boiling curve, an empirical 
method was developed to predict the location of this curve. 
The basis for the method is that transition boiling consists 
of alternate nucleate - and film boiling and therefore is a 
function of the nucleate curve. Figure 4 which shows the 
results of this investigation indicate that for n-Pentane 
the heat transfer coefficient is roughly symmetrical in th~ 
upper 50% of the curve. Therefore, it is possible that 
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nucleate boiling data may be used to predict the straight 
.line portion of the transition curve. 
The prediction method requires that the nucleate boil-
ing curve (including burnout point) and the Liedenfrost Point 
be known for a given surface and fluid. The transition boil-
ing curve is assumed to consist of a straight portion (when 
plotted on linear coordinates) extending from the burnout 
point and a curved portion beginning at some temperature 
difference intermediate between the burnout and Liedenfrost 
Points and continuing to arrive at the Liedenfrost Point with 
zero slopei The straight portion might be called the pure 
transition region, the curved portion unstable film boiling, 
and the intermediate temperature difference the breakaway 
temp.erature difference of the fluid. Visual observations 
indicate this to be the case. 
A straight line is drawn through the nucleate data (on 
linear coordinates) and the slope measured. A new variable, 
the slope ratio, is defined as 
SR = slope of pure transition boiling straight line slope of upper 50% of nucleate curve ( 9) 
By means of the empirical relation between slope ratio and 
reduced pressure 
SR= -0.42 P - 0.29 
r 
the slope of the pure transition region can be estimated. 
The termination point of this straight line is at the 
(10) 
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breakaway temperature difference. This temperature 
difference is estimated from 
a = (11) 
where a is the breakaway ratio and BO, BA and L refer to 
burnout, breakaway and Liedenfrost, respectively. A smooth 
curve can be drawn from the breakaway point to the 
Liedenfrost Point. Since this portion contains no inflexion 
points the unstable film boiling region can be approximated 
in this manner. Equations 10 and 11 were obtained from a 
least squares curve fit of the data of Hesse (13) for 
Freon 114. 
Figure 5 shows the prediction method as applied to 
n-Pentaoe boiling from a flat gold plate. Figures 6 through 
14 show the prediction method as applied to the Freon 12, 
Freon 113 and Freon 114 data of Hesse (13) from nickel tubes. 
Table I is a comparison of the particular experimental points 
and the points as predicted. 
The method predicts the breakaway heat flux within 8% 
and breakaway temperature difference within 3% for the data 
from this investigation. It predicts the data fro)n Hesse 
with an average deviation of 6% and a maximum of 16% for 
the heat flux. Breakaway temperature differences are 
estimated with an average deviation of 1.4% and a maximum of 
4%. The pure transition slope for the data from this in-
vestigation is estimated within 3%. For the data of Hesse, 
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Fluid 
n-Pentane 
Freon 113 (13) 
Freon 12 (13) 
Freon 114 (13) 
TABLE I 
























































the deviation of the predicted slope averages 3% with the 




1. Liquid-solid contact exists in trahsition boiling 
and the boiling curve in this region is a function of the 
surface geometry and chemistry. 
2. Transition boiling consists of two distinct sub-
regions: A) a straight line portion of pure transition boil-
ing and B) a curved portion of .unstable film boiling. 






must be satisfied in order to achieve stable boiling in the 
transition region. 
4. The slope of the pure transition region curve can 
be predicted by the use of the relation 
SR= -0.42 P - 0.29 
r 
and the straight line slope of the upper 50% of the nucleate 
curve for n-Pentane, Freon 12, Freon 113 and Freon 114 at 
moderate pressures. 
5. The breakaway point can be predicted by use of the 
relation 
s = 
and the burnout and Liedenfrost points for n-Pentane, 





















Heat flux per unit area per unit time 
Heat flux arriving at the boiling surface from 
the source 
Heat flux leaving the surface by boiling 
Resistance to heat transfer 
Slope ratio= slop~ of pure transttion curve/ 














Reduced property (as Tr= T/Tc) 
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APPENDIX A 
CALCULATED BOILING DATA 
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A copy of the original data is in the possession of 




Calculated Nucleate Boiling Data 
Heat Transfer 
Heat Flux Temperatures F Coefficient 
Surface Saturation Difference 
Btu Btu 
hr ft 2 T 
sur 
T 
sat T -T sat sur hr ft
2 F 
55200 120.6 96.7 23.9 2310 
64300 121. 5 96.6 24.9 2582 
70800 124.3 96.8 27.5 2575 
94100 124.9 96.8 28.l 3349 
77500 125.3 96.8 28.5 2719 
77800 126.2 96.8 29.4 2646 
84800 127.2 96.9 30.3 2799 
96700 127.6 97.0 30.6 3160 
98700 128.3 96.8 31. 5 3133 
82700 128.4 96.7 31. 7 2609 
104600 129.7 96.9 32.8 3189 
71300 130.8 97.2 33.6 2122 
109300 130.4 96.8 33.6 3253 
110700 130.5 96.7 33.8 3275 
98900 131. 5 96.9 34.6 2858 
105500 133.2 96.7 36.5 2890 
112800 133.7 96.7 37.0 3049 
112800 135.2 96.9 38.3 2945 
111300 135.7 96.7 39.0 2854 
<114000 136.5 96.8 39.7 2872 
108600 138.9 97.0 41. 9 2592 
110700 138.9 96.8 42.1 2629 
100400 142.6 96.8 45.8 2192 
90800 150.1 96.5 53.6 1694 
80000 154.7 96.8 57.9 1382 
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TABLE A-II 
Calculated Transition Boilin~ _Data 
Heat Transfer 
Heat Flux Temperatures F Coefficient 
Surface Saturation Difference 
Btu Btu 
hr ft2 T 
sur 
T 
sat T -T sat sur hr ft
2 F 
80400 157.3 96.9 60.4 1331 
80000 158.0 96.8 61.2 1307 
70900 160.5 97.1 63.4 1118 
76400 161.3 96.8 64.5 1184 
69900 163.0 96.7 66.3 1054 
68200 163.7 97.0 66.7 1022 
68200 166.5 96.8 69.7 978 
62600 172.4 96.7 75.7 827 
52200 176.3 96.8 79.5 657 
52900 177.3 96.8 80.5 657 
49100 185.4 96.8 88.6 554 
42400 188.6 96.8 91. 8 462 
50200 189.5 96.8 92.7 542 
43800 193.4 96.9 96.5 454 
49700 200.4 96.9 103.5 480 
48800 204.1 96.6 107.5 454 
43000 205.5 97.0 108.5 396 
48100 208.4 96.8 111.6 431 
49600 220.5 96.8 123.7 401 
46400 222.7 96.8 125.9 369 
51400 227.3 96.9 130.4 394 
48300 235.7 96.8 138.9 348 
61100 236.8 96.6 140.2 436 
49100 241. 9 96.8 145.1 338 
47300 253.0 96.8 156.2 303 
APPENDIX B 
DISCUSSION OF HEAT LOSSES 
FROM THE STEAM CHAMBER 
In order to determine the worst case heat losses from 
the steam chamber several assumptions were made: 1) The 
steam chamber lost heat to the bottom of the boiling 
chamber and maintained the teflon-brass plate interface at 
the steam chamber temperature at all points on the inter-
face, 2) The heat transfer coefficient to normal pentane was 
the same from the teflon as from the heat transfer surface, 
3) The guard temperature was 0.8 Flower than the steam 
chamber temperature, 4) The outside coefficient from the 
2 
steam chamber to the guard was 100 Btu/hr ft F, 5) The 
inside coefficient for the 3 inch pipe and the brass end 
plates was 100 Btu/hr ft 2 F and 6) The inside coef£icient 
for the 1 inch pipe was 500· Btu/hr ft 2 F. 
The percent losses thru the teflon to the n-pentane ;may 
be expressed as 
Aloss (i~X/k) sur 
= Asur {6X/k)TFE. X 100 
Based on assumptions (1) and (2) above, the losses to 
n-pentane were 1.1% of the heat flux through the heat 
transfer surface .. 
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Conductive losses to the guard were calculated with 
assumptions (3) thru (6) and found to be 7.4 Btu/hr. Since 
the heat input at the Liedenfrost point was 240 Btu/hr, 
losses to the guard were 3.1% at that point. The heat 
input was larger than 240 Btu/hr at all other points on the 
curve, therefore the maximum losses occurred at the 
Liedenfrost point. The total losses are the sum of the 
losses to n-pentane and the losses to the guard. This 
resulted in a maximum loss of 4.4% of the input power. 
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